INTRODUCTION
============

Due to the importance of the indoor environment and its overall effect on health, interest regarding indoor environments has been steadily rising.[@B1][@B2] At present, most people spend approximately 87% of their time indoors.[@B3] Indoor dust has particularly significant effects on health as it includes PM~10~, PM~2.5~, nanoparticles, bioaerosol and house dust mites. The biological components of indoor dust can induce immune dysfunction and inflammation, leading to inflammatory pulmonary disorders such as asthma and chronic obstructive pulmonary disease (COPD).[@B4][@B5][@B6] Asthma, COPD and lung cancer are major lung diseases that cause widespread mortality worldwide.[@B7][@B8] While cigarette smoking has been suggested to be a common cause of COPD and lung cancer, many patients suffering from these conditions have no history of cigarette smoking. In such cases, it is necessary to view COPD and lung cancer as diseases with complex etiology that may have been caused by factors other than cigarette smoke. These other factors include exposure to gas, dust, indoor biomass fuel combustion or other unknown etiological agents.[@B9]

The rise in the number of asthma and COPD patients during the past several decades may be associated with changes in housing styles that have led to increasing amounts of indoor biological contaminants.[@B10][@B11][@B12] Although there is limited research on this subject, there is a possibility that the biological particles found in indoor dust can act as etiological agents for lung disease. Indoor dust is known to contain extracellular vesicles (EVs) derived from microorganisms. Bacteria-derived EVs are spherical, lipid-bilayered vesicles with diameters ranging from 20 to 100 nm, produced by both gram-negative and gram-positive bacteria and are common biological ultrafine particles found in the indoor environment.[@B13][@B14] *In vivo* testing has shown that airway exposure to bacteria-derived EVs in indoor dust can induce neutrophilic pulmonary inflammation[@B15] and subsequently emphysema in the lungs.[@B16][@B17] As asthma and COPD are characterized by chronic inflammation of the airways[@B18] and carcinogenesis has been broadly associated with chronic inflammation,[@B19] we hypothesized that exposure to bacterial EVs in indoor dust might be associated with the risk of asthma, COPD and lung cancer.[@B20] Therefore, we performed microbiome analysis of indoor dust microbiota and EVs in order to develop diagnostic models using serum antibodies against microbial EVs dominant in indoor dust.

MATERIALS AND METHODS
=====================

Clinical study design
---------------------

In this study, the subjects were enrolled into 4 groups: asthmatics, COPD patients, lung cancer patients and healthy controls. We enrolled 239 asthmatics, 205 COPD patients and 88 healthy control from Asan Medical Center and 324 lung cancer patients from Dankook University Hospital. The healthy subjects were recruited from the patients who visited the hospital for routine checkups. After the checkup, we selected healthy normal persons with no current pulmonary disease diagnosis and no history of pulmonary disease. We collected the patients\' samples regardless of their smoking history. Subjects who lacked sufficient clinical data to meet the inclusion criteria were excluded from the analysis. This study was approved by the Institutional Review Board (IRB) of Asan Medical Center (IRB No. 2014-0360) and of Dankook University Hospital (IRB No. 2012-04-0140). We obtained informed consent from each study participant.

Indoor dust sampling
--------------------

Dust samples were collected from a mattress from an apartment and 2 hospital mattresses using a vacuum cleaner in Seoul. The sampling was performed in March, June, September and December at the apartment and in July and February at the hospital.

Dust EV isolation
-----------------

The indoor dust samples mixed in phosphate-buffered saline (PBS) were incubated for 12 hours at 4°C, filtered using gauze and centrifuged at 10,000 *g* for 15 minutes twice. The pellet comprised of bacterial cells, whereas the supernatant contained the EVs, which was filtered using a 0.45-μm pore-sized vacuum filter and concentrated through ultrafiltration using the QuixStand Benchtop System with a 100-kDa hollow fiber membrane (Amersham Biosciences, Piscataway, NJ, USA). Additional filtration was done using a 0.22-μm vacuum filter to remove any remaining foreign particles and cells. Finally, the EVs were isolated by centrifugation using a 45 Ti rotor (Beckman Instruments, Fullerton, CA, USA) at 150,000 *g* for 3 hours at 4°C and were diluted in PBS.[@B21][@B22]

DNA extraction and 16S ribosomal DNA (rDNA) amplicon sequencing
---------------------------------------------------------------

DNA samples from the dust microbiota and dust microbial EVs were extracted using a DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany) and then quantified using QIAxpert (QIAGEN). Microbial genomic DNA was amplified using primers specific for the V3-V4 regions of the 16S rDNA. After the libraries were prepared and quantified using QIAxpert (QIAGEN), each amplicon was sequenced with MiSeq (Illumina, SanDiego, CA, USA).

Microbiome analysis of dust microbiota and EVs
----------------------------------------------

Raw reads were filtered using the barcode and primer sequences. High-quality reads that met the following criteria were selected for further analysis: Phred scores higher than 20 and lengths greater than 300 bp. Operational taxonomic units (OTUs) were then clustered using CD-HIT algorithm. Subsequently, based on sequence similarities, taxonomic assignment was performed using UCLUST and QIIME against the Greengenes (ver. 13_8) 16S rDNA sequence database. In the cases where the clusters could not be assigned due to either lack or redundancy in the sequences from the database, the taxa were assigned at the next highest level as denoted by the parentheses next to the taxonomic name.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

To measure the titers of anti-bacterial EV immunoglobulin G (IgG), IgG1 and IgG4 in serum samples, bacterial EVs were extracted. *Staphylococcus aureus*, *Acinetobacter baumannii*, *Enterobacter cloacae* and *Pseudomonas aeruginosa* were cultured. When the optical density at 600 nm of the culture reached 1, the bacterial sample was pelleted at 10,000 × *g* for 20 minutes, and the supernatant was passed through a 0.22 μm bottle top filter to remove any remaining cells. The filtrate was concentrated with a MasterFlex pump system (Cole-Parmer, Vernon Hills, IL, USA) using a 100-kDa Pellicon two Cassette filter membrane (Merck Millipore, Burlington, MA, USA) and subsequently passed through a 0.22-μm bottle top ﬁlter. Further, 50 ng of the bacterial EVs isolated from the cultured bacteria were used for coating 96-well plates overnight. IgG1 and IgG4 titers, anti-human IgG, IgG1 and IgG4 antibodies were used for coating instead of bacterial EVs to quantify anti-bacterial EV IgG. The bacterial EV-coated wells were blocked with PBS containing 5% skimmed milk and diluted serum samples were added to these wells. Then, 3,3′,5,5′-Tetramethylbenzidine (TMB) solution was added and after incubation, the reaction was catalyzed by horseradish peroxidase-conjugated anti-IgG, anti-IgG1 and anti-IgG4 antibodies (Abcam, Cambridge, UK). The reaction was stopped using a stop solution and the intensity was measured using a microplate reader at 450 nm. Sensitivity of the bacterial EVs to IgG, IgG1 and IgG4 was defined on an arbitrary basis as a high anti-bacterial EV IgG, IgG1 and IgG4 titer in serum that exceeded the 95th percentile value of the control subjects. In addition, to assess the sensitivity of the analysis method, the limit of detection (LOD) and limit of quantitation (LOQ) were evaluated. The LOD of IgG, IgG1 and IgG4 was 0.011 µg/mL, 0.008 µg/mL and 0.006 µg/mL, respectively. Meanwhile, the LOQ of IgG, IgG1 and IgG4 was 0.027 µg/mL, 0.02 µg/mL and 0.015 µg/mL, respectively.

Statistical analysis
--------------------

The group values are presented based on the mean and standard deviation calculated for all the subjects within each group. Significant differences between the bacteria and bacterial EVs in indoor dust were tested using the Mann-Whitney *U* test for continuous variables. In addition, Pearson correlation analysis was performed between samples. Student\'s *t*-test was used to compare the serum antibody levels. To develop diagnostic models, logistic regression was applied using biomarkers with significant differences between the clinical groups and included smoking history as a covariate. *P* values below 0.05 were considered statistically significant. All statistical analyses were performed using R version 3.5.1.

RESULTS
=======

Microbe and microbial EV composition of indoor dust
---------------------------------------------------

Metagenomic sequence analysis of 16S rDNA gene amplicons yielded a total of 85,902 valid reads from the bacterial samples (approximately 8,242 and 13,234 reads from the apartment and hospital samples, respectively) and 74,936 valid reads in bacterial EV samples (approximately 8,681 and 10,053 reads from the apartment and hospitals, respectively) ([Supplementary Table S1](#S1){ref-type="supplementary-material"}).

Microbiome analysis of the microbiota and microbial EVs found within indoor dust samples collected from the apartments and hospitals revealed that Proteobacteria was the most abundant taxa at the phylum level with an average abundance of 92.4% (±5.3%) and lowest abundance of 81.2% ([Supplementary Fig. S1A](#S5){ref-type="supplementary-material"}). The predominant taxa detected in indoor dust were Gammaproteobacteria at the class level ([Supplementary Fig. S1B](#S5){ref-type="supplementary-material"}), Pseudomonadales and Enterobacteriales at the order level ([Supplementary Fig. S1C](#S5){ref-type="supplementary-material"}), along with Pseudomonadaceae, Moraxellaceae and Enterobacteriaceae at the family level ([Supplementary Fig. S1D](#S5){ref-type="supplementary-material"}). *Pseudomonas*, *Enterobacteriaceae (f)* and *Acinetobacter* were the most abundant taxa at the genus level. *Pseudomonas* and *Acinetobacter* were the most abundant in the apartment and hospitals, respectively. In addition, there was a significant difference in the abundance of *Pseudomonas, Erwinia, Staphylococcus* and *Enhydrobacter* between the apartment and hospital dust samples (*P* \< 0.05) (over 0.5% in any group) ([Fig. 1A](#F1){ref-type="fig"}, [Supplementary Table S1](#S1){ref-type="supplementary-material"}). However, in the case of microbial EVs, *Pseudomonas* EVs were the most abundant organisms in both the hospital and apartment, while there was no significant difference between bacterial EV taxa (over 0.5% in any group) ([Fig. 1B](#F1){ref-type="fig"}, [Supplementary Table S2](#S2){ref-type="supplementary-material"}). Diversity analysis was conducted using the Shannon diversity index to compare the richness and homogeneity between the groups. The results revealed that the alpha diversity was higher in the microbiota isolated from the indoor dust samples from the apartment than from the hospital; however, the results were not significant ([Fig. 1C](#F1){ref-type="fig"}). Meanwhile, microbial EVs showed the opposite trend, although these result were also not significant ([Fig. 1D](#F1){ref-type="fig"}). Seasonal differences were determined between the indoor dust sampling periods. In bacteria, the *Acinetobacter* population was higher in winter than in other seasons. In addition, *Enterobacteriaceae (f)* was higher in summer and winter than in spring and fall in the apartment, whereas *Pseudomonas* and *Enterobacteriaceae (f)* populations were lower in winter than summer in the hospital. In case of EVs, *Acinetobacter* was higher in winter than other seasons in the apartment, whereas *Acinetobacter* and *Enterobacteriaceae (f)* were higher in summer than in winter in the hospital ([Supplementary Fig. S1E](#S5){ref-type="supplementary-material"}).

![Comparison of the microbiome composition and diversity of indoor dust in the apartment and hospital. Taxa that were over 1% in any samples selected for heatmap and Shannon index were analyzed for alpha diversity. Heatmap for microbiome abundance of (A) microbiota in indoor dust at the genus level, (B) heatmap for microbiome abundance of microbial EVs in indoor dust, at the genus level, (C) Shannon index for alpha diversity of microbiota in indoor dust, (D) Shannon index for alpha diversity of microbial EVs in indoor dust.\
EV, extracellular vesicle.\
^\*^The value outside range mean ± 3standard deviation.](aair-12-669-g001){#F1}

Analysis of indoor dust revealed that the microbiota and microbial EVs from identical samples obtained from the apartment showed a higher correlation with each other (average *r* = 0.97) than those from the hospital (average *r* = 0.30). In particular, the bacteria found most abundantly at the phylum level in the apartment, with 94.9% (±2.6%) abundance, was Proteobacteria, which also accounted for 90.1% (±3.3%) of microbial EVs. Further, *Pseudomonas*, *Enterobacteriaceae (f)* and *Acinetobacter* were dominant at the genus level, accounting for 59.4% (±19.7%), 14.9% (±6.4%) and 12.3% (±12.9%) of the microbiota and 64.9% (±22.9%), 7.6% (±4.4%) and 8.6% (±12.3%) of microbial EVs, respectively ([Fig. 2A](#F2){ref-type="fig"}). Followed *by Streptophyta (o)*, *Erwinia* and *Staphylococcus* as the most abundant bacterial and microbial EV taxa. OTU analysis of bacteria showed that of all the taxa with over 1% relative abundance, 16 of them belonged to *Pseudomonas*, 8 belonged to *Enterobacteriaceae (f)*, 13 to *Acinetobacter*, 2 belonged to *Streptophyta (o)* and *Staphylococcus*, and 1 each belonged to *Burholderiales (o)* and *Propinobacterium* ([Fig. 2B](#F2){ref-type="fig"}). *Acinetobacter baumanii*, *Acinetobacter schindleri* and *Acinetobacter lwoffii* were estimated to be the most abundant species among the *Acinetobacter* genus. ([Supplementary Fig. S2](#S6){ref-type="supplementary-material"}). *P. aeruginosa* and *E. cloacae* were the most abundant species within the *Pseudomonas* genus ([Supplementary Fig. S3](#S7){ref-type="supplementary-material"}) and the *Enterobacteriaceae (f)* genus, respectively ([Supplementary Fig. S4](#S8){ref-type="supplementary-material"}).

![Comparison of the microbiome abundance of indoor dust in the apartment between microbiota and microbial EVs. Taxa that were over 1% in any samples were selected for inclusion in the heatmap. Heatmaps of microbiome abundance based on (A) taxa at the genus level and (B) OTUs.\
EV, extracellular vesicle; OTU, operational taxonomic units.](aair-12-669-g002){#F2}

Characteristics of the study subjects
-------------------------------------

A total of 88 control subjects, 239 asthmatics, 205 COPD patients and 324 lung cancer patients were enrolled ([Table](#T1){ref-type="table"}). Compared to the control subjects, the mean ages of patients with asthma, COPD and lung cancer were significantly higher (*P* \< 0.001). In addition, COPD and lung cancer patients were statistically more likely to be male (both *P* \< 0.001) and to have smoking history (both *P* \< 0.001) compared to the control subjects, whereas the sex distribution of the asthma patients were similar and they were less likely to have a history of smoking compared to the healthy control subjects. Forced expiratory volume in 1 second was significantly in COPD patients lower than in lung cancer patients.

###### Demographic findings of the study subjects

![](aair-12-669-i001)

  Variables              Total (male/female)       Age           Smoking (0/1)^\*^   FEV1 (%pred)   
  ---------------------- ------------------------- ------------- ------------------- -------------- -----------
  Healthy controls       88 (49/39)                50.8 ± 9.8    88 (45/43)          \-             
  Asthma patients        239 (103/136)             55.5 ± 14.5   239 (174/65)        83.9 ± 17.9    
  COPD patients          205 (196/9)               66.4 ± 7      205 (0/205)         47.2 ± 15.3    
  Lung cancer patients   324 (274/50)              65.7 ± 9      324 (79/245)        74.5 ± 21.9    
  *P* value                                                                                         
                         Healthy vs. asthma        0.0576        0.0008              0.0004         \-
                         Healthy vs. COPD          \< 0.0001     \< 0.0001           \< 0.0001      \-
                         Healthy vs. lung cancer   \< 0.0001     \< 0.0001           \< 0.0001      \-
                         COPD vs. lung cancer      0.0002        0.3044              \< 0.0001      \< 0.0001

Data are shown as mean ± standard deviation or number (%).

COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second.

^\*^Smoking: 0 means the person who does not smoke and 1 means the person who has a history of smoking.

Serum IgG, IgG1 and IgG4 levels against 4 of the dominant bacterial EVs in indoor dust
--------------------------------------------------------------------------------------

Serum anti-bacterial EV IgG, IgG1 and IgG4 levels were analyzed through ELISA utilizing EV antibodies that targeted *S. aureus*, *A. baumannii*, *E. cloacae* and *P. aeruginosa* based on their abundance in indoor dust as determined through microbiome analysis. As a result of comparative analysis of control and asthma groups, anti-*E. cloacae* EV IgG, anti-*P. aeruginosa* EV IgG, anti-*S. aureus* EV IgG and anti-*A. baumannii* EV IgG1 levels were found to be significantly higher (*P* \< 0.05 for each). In addition, comparative analysis of control and COPD subjects showed a significant increase in anti-*A. baumannii* EV IgG (*P* \< 0.05). Interestingly, there was a significant difference in anti-*A. baumannii* EV IgG1 levels between asthma and COPD samples with 1.42-fold and 1.66-fold changes, respectively. Comparative analysis of control and lung cancer subjects revealed significantly higher levels of IgG, IgG1 and IgG4 of anti-*E. cloacae* EV and anti-*P. aeruginosa* EV (*P* \< 0.05 for each). Notably, anti-*A. baumannii* EV IgG1, anti-*E. cloacae* EV IgG4 and anti-*S. aureus* EV IgG4 showed greater than 2-fold differences. Furthermore, the comparative analysis results of COPD and lung cancer subjects showed significant increases in the levels of IgG, IgG1 and IgG4 of anti-*S. aureus* EV, and *E. cloacae* EV IgG4 in lung cancer subjects, especially anti-*S. aureus* EV IgG4 and anti-*E. cloacae* EV IgG4 with differences greater than 2-fold (*P* \< 0.05 for each) ([Fig. 3](#F3){ref-type="fig"}, [Supplementary Table S3](#S3){ref-type="supplementary-material"}).

![Differences in IgG, IgG1 and IgG4 sensitization to microbial EVs, such as *Acinetobacter baumannii*, *Enterobacter cloacae*, *Pseudomonas aeruginosa* and *Staphylococcus aureus* among healthy subjects and patients with asthma, COPD or lung cancer. (A) IgG sensitization to *A. baumannii* EVs, (B) IgG sensitization to *E. cloacae* EVs, (C) IgG sensitization to *P. aeruginosa* EVs, (D) IgG sensitization to *S. aureus* EVs, (E) IgG1 sensitization to *A. baumannii* EVs, (F) IgG1 sensitization to *E. cloacae* EVs, (G) IgG1 sensitization to *P. aeruginosa* EVs, (H) IgG1 sensitization to *S. aureus* EVs, (I) IgG4 sensitization to *A. baumannii* EVs, (J) IgG4 sensitization to *E. cloacae* EVs, (K) IgG4 sensitization to *P. aeruginosa* EVs, (L) IgG4 sensitization to *S. aureus* EVs.\
IgG, immunoglobulin G; EV, extracellular vesicle; COPD, chronic obstructive pulmonary disease; aE, anti-*E. cloacae*; aP, anti-*P. aeruginosa*; aS, anti-*S. aureus*; aA, anti-*A. baumannii*.\
^\*^*P* \< 0.05, ^†^*P* \< 0.01.](aair-12-669-g003){#F3}

Lung disease diagnostic models based on serum IgG, IgG1 and IgG4 against microbial EVs
--------------------------------------------------------------------------------------

Lung disease diagnostic models were developed using logistic regression, which included whether the subject had smoked before or not as a covariate, while antibodies that showed significant differences in ELISA between clinical groups were selected as biomarkers. The models were created using following four inclusion criteria: i) all significantly different markers as model variables; ii) smoking status added as a covariate with all the markers that showed significant difference; iii) only markers that showed the most significant difference among IgG, IgG1 and IgG4 of each bacterial EV antibody; and iv) smoking status as a covariate while only using markers that showed the most significant difference among IgG, IgG1 and IgG4 of each bacterial EV antibody ([Supplementary Table S4](#S4){ref-type="supplementary-material"}). In the asthma diagnostic model (ADM), there was at least 1 significant marker in each applicable EV antibody. The model area under the curve (AUC) increased from 0.73 to 0.78 in the ADMii model compared to the ADMi model ([Fig. 4A](#F4){ref-type="fig"}). In the COPD diagnostic model (CDM), CMDi and CDMiii showed similar results with AUCs of 0.64 and 0.65, respectively. When smoking history was factored in, the AUCs of CDMii and CDMiv increased to 0.78 and 0.79, respectively ([Fig. 4B](#F4){ref-type="fig"}). In the development of a lung cancer diagnostic model (LDM) for healthy controls, LDMi and LDMiii had AUCs of 0.74 and 0.71, respectively. The AUCs of LDMii and LDMiv increased to 0.81, and 0.8, respectively, when smoking history was factored as a covariate ([Fig. 4C](#F4){ref-type="fig"}). Finally, in the LDM for COPD patients (LDMC), LDMCi and LDMCiii both yielded an AUC of 0.61. When smoking status was factored in, the AUCs of the LDMCii and LDMCiv models rose to 0.72 and 0.74, respectively ([Fig. 4D](#F4){ref-type="fig"}).

![Diagnostic models based on enzyme-linked immunosorbent assay and smoking status as covariate for asthma, COPD and lung cancer. (A) ADM vs. healthy controls, (B) CDM vs. healthy controls, (C) LDM vs. healthy controls, (D) LDM vs. COPD patients.\
AUC, area under the curve; ADM, asthma diagnostic model; CDM, COPD diagnostic model; LDM, lung cancer diagnostic model; LDMC, LDM for COPD patients.](aair-12-669-g004){#F4}

DISCUSSION
==========

In order to assess the metagenomic characteristics of indoor dust, dust samples were collected from hospital and apartment bed mattresses, and their microbiota as well as the microbial EV compositions were metagenomically analyzed. *Pseudomonas*, *Enterobacter* and *Acinetobacter* bacteria and EVs were the most abundant at the genus level. Furthermore, significant differences among indoor dust samples were determined, depending on the sampling environment. A previous investigation showed that *Micrococcus*, *Staphylococcus*, *Streptococcus* and *Corynebacterium* were the most abundant genera in indoor dust sampled from kindergartens.[@B23] The factors that most likely contributed to this difference might be the variation in sampling methodology, sampling environment, and lack of bacteria and bacterial EVs separation prior to metagenomic analysis in the previous study. This study demonstrated that although there were differences between the bacteria found within indoor dust in an apartment and hospital, there was considerable taxonomic similarity between the bacteria and bacterial EVs. There were differences between the bacteria sampled from dust on the mattresses in the apartment and hospital due to the variations in the indoor environment conditions, such as temperature, relative humidity, human activity, air quality and sanitation. These indoor environments affect the proliferation and death of bacteria, which is directly linked to the production of bacterial EVs. The results of this study suggest that while there was an increase in the *Pseudomonas* population in the apartment, it was diminished in the hospital. Therefore, *Pseudomonas* EVs account for the majority of the microbiota in both the apartment and hospital. On the other hand, since *Acinetobacter* is neither enriched nor depleted significantly in the apartment and hospital, the proportion of *Acinetobacter* EVs in samples from the apartment is comparable to that from the hospital. In addition, although sampling was carried out in different seasons, the similarity in the results obtained in this study suggest that the overall composition of indoor dust might not be significantly affected by seasonal variations. One of the limitations of this study is that the dust samples were collected from only 1 area of the mattress and only a few indoor environments: 1 home apartment mattress and 2 hospitals. Future studies should include sampling from different locations and different areas of the mattress such as above the pillow, below the pillow, or the air where components can be inhaled in order to achieve more thorough and accurate indoor dust metagenomic analysis. To the best of our knowledge, however, as this is the first study about metagenomics of the bacterial EVs in indoor dust, the results are valuable as a pilot study in that they indicate the importance of analyzing bacterial EVs in indoor dust.

Recent studies have suggested that non-eosinophilic asthma represents a distinct and stable phenotype with respect to the lower airway pathology and structure.[@B24] Specifically, asthmatic patients have severe, persistent, exacerbated symptoms without any increase in eosinophilic inflammation.[@B25] Persistent asthma may be associated with significant neutrophilic inflammation.[@B26] In addition, exacerbation of COPD symptoms is associated with the neutrophil-predominant inflammatory response.[@B27] It has been seen that neutrophilic inflammation in the airways is induced by bacterial EVs in dust.[@B22] The progression of lower airway inflammation in non-eosinophilic asthma depends on the etiological factor that causes the immune response except inhalant allergens. Based on this, bacterial EVs in dust might be considered to be an important etiological agent for non-eosinophilic asthma,[@B24] bacterial EVs in dust might be important etiological agents for non-eosinophilic asthma.[@B20] COPD and asthma are known risk factors of lung cancer,[@B27][@B28] and there is evidence supporting the development of cancer due to chronic inflammation.[@B19][@B29] Therefore, exposure to bacterial EVs in dust might elicit neutrophilic pulmonary inflammation, which might be associated with the development of lung cancer.[@B20]

In this study, we targeted *S. aureus*, *A. baumannii*, *E. cloacae* and *P. aeruginosa* EVs for further analysis as they were determined to be the core metagenomic components of indoor dust. The 6 dominant bacterial EV genera in the indoor dust from apartments were *Pseudomonas*, *Acinetobacter*, *Enterobacteriaceae (f)*, *Streptophyta (o)*, *Erwinia* and *Staphylococcus.* However, *Streptophyta (o)* EVs were hard to analyze at lower taxonomic levels. Moreover, although abundant *Erwinia* EVs were detected in both the apartment samples, they had low abundance in the hospital samples. Therefore, we selected 4 bacterial EVs for further analysis: *Pseudomonas*, *Acinetobacter*, *Enterobacter* and *Staphylococcus*. These bacterial targets are known for their association with allergic disorders such as atopic dermatitis and asthma.[@B30][@B31][@B32] Inhaled bioaerosols function as vehicles for deep-lung as well as environmental transport of airborne infectious agents.[@B33] Furthermore, bioaerosol components have been weakly related to lung disease.[@B34]

Recently, there has been a drastic rise in research regarding the association between lung disease and the microbiome. However, there are no published studies that have explored EVs and analyzed the serum IgG levels associated with *Staphylococcus*, *Acinetobacter*, *Enterobacter* and *Pseudomonas* from patients with COPD, asthma and lung cancer, and healthy subjects. A similar study compared the serum of cystic fibrosis patients and healthy controls, and found an abundance of serum anti-*P. aeruginosa* IgG1, IgG2, IgG3 and IgG4 in these patients.[@B35] Other studies demonstrated that serum anti-*S. aureus* enterotoxin IgE was more abundant in patients with COPD and severe asthmatics than in healthy controls.[@B36][@B37] In general, among the selected markers, *P. aeruginosa* was most commonly found in bronchiectasis patients.[@B38][@B39] Meanwhile, *S. aureus* was one of the most important bacteria associated with acute exacerbations of COPD[@B40] and chronic bacterial colonization seen in the lower respiratory tract of chronic bronchitis patients.[@B41] *A. baumannii* is a pathogen that has caused public health concern and it is a member of the *Acinetobacter* genus. It is pervasive in the environment and can survive for extended periods of time in places such as surfaces of hospital floors.[@B42][@B43] *A. baumannii* can be clinically present in a wide range of diseases, such as wound infections, urinary tract infections, pneumonia and sepsis.[@B44] Additionally, *Enterobacter* spp. was discovered commonly in pneumonia patients.[@B45] Collectively, these previous findings support the significance of the core bacterial taxa discovered in indoor dust in relation to lung health and disease.

When diagnostic studies utilizing antibodies such as IgG, IgA and IgM were performed, ELISA assay was found to be an effective diagnostic tool. Troncone *et al*.[@B46] used IgA and IgG antibodies against tissue transglutaminase for diagnosing celiac disease. Similarly, Kosunen *et al*.[@B47] attempted to combat *H. pylori* infection using IgG, IgA and IgM antibodies against *Helicobacter pylori*. IgG antibodies against dust EVs can be used as a surrogate marker for exposure to dust EVs.[@B20] In previous studies, the immune response of indoor dust-specific antibodies was mainly reported to be IgG1 and IgG4 in allergic patients with diseases such as atopic dermatitis and asthma.[@B22][@B48] Therefore, we selected the antibodies IgG, IgG1 and IgG4 to determine the immune response to microbial EVs in indoor dust in allergic patients in this study. Another study showed that since IgG2 and IgG3 are also related to pulmonary diseases,[@B49] additional measurement of IgG2 and IgG3 is necessary to build advance diagnostic models. IgG, IgG1 and IgG4 antibodies against *A. baumannii*, *S. aureus*, *P. aeruginosa* and *E. cloacae* EVs were used as biomarkers in this study, and a diagnostic model was developed and tested using these 4 markers as variables. Although the AUC was relatively low for the CDM, model performance results showed that the efficacy of the 4 markers in diagnosing asthma and lung cancer is promising.

There were significantly larger numbers of patients with smoking history in the COPD and lung cancer groups than the healthy control group. It has been suggested that COPD and lung cancer share a common cause, namely, cigarette smoking. The increase in AUC observed was due to the addition of smoking history as a covariate, providing further evidence that smoking history is an important factor in COPD and lung cancer diagnosis. Due to the significant difference between age and sex of the groups, these factors were omitted as covariates to prevent any misevaluation in the diagnosis of EV antibodies. We observed high potential of diagnostic models using only age or sex for the diagnosis of asthma, COPD and lung cancer, though it is unclear whether this result is unduly affected by the disproportionate age and sex distribution between the clinical groups. The differences observed between age and sex, and whether the subject smokes or not made it evident that it is more likely for male smokers, among healthy subjects, to potentially contract COPD or lung cancer with age than their younger female counterparts. We suggest that fewer markers are advantageous for diagnostic uses since there were no significant differences in the model strength between the i) and ii) models, between iii) and iv) models, or between the ii) model and iv) models. Although the diagnostic tool developed in this study shows strong possibility as a novel diagnosis method, the role played by bacterial EVs, such as *A. baumannii*, *S. aureus*, *E. cloacae* and *P. aeruginosa* in the development of pulmonary diseases including asthma, COPD and lung cancer still remains unclear. *In vivo* testing and further cohort study are necessary for further advancement as well as for prediction and prognosis. Future studies should also include clinical information such as age, sex and body mass index for more precise diagnostic capabilities.

We previously showed that anti-indoor dust EV IgG is an independent risk factor for pulmonary diseases.[@B20] Compared to the previous report, this study determined the specific bacterial EVs affecting pulmonary diseases in indoor dust, such as *S. aureus*, *A. baumannii*, *E. cloacae* and *P. aeruginosa*. We found that anti-dust bacterial EV IgG1 and IgG4 are the primary components of anti-dust bacterial EV IgG as well as important factors of pulmonary diseases. Furthermore, our study demonstrated that diagnosis might be possible using ELISA based on the serum anti-bacterial EV antibodies. In conclusion, in this study, ELISA was used to show that anti-core indoor dust bacterial EV IgG, IgG1 and IgG4 antibody titers in serum were significantly higher in patients with asthma, COPD and lung cancer than in healthy controls, suggesting that this method can be used as a lung disease diagnostic tool based on anti-bacterial EV antibody titers. An additional cohort study is required to determine whether the relationship between exposure to indoor dust EVs and the incidence of asthma, COPD and lung cancer is a casual one or not. This will also help in determining the ability to predict the risk of asthma, COPD and lung cancer and to confirm prognosis after treatment. Taken together, the present findings not only provide an insight into the pathogenesis of asthma, COPD and lung cancer, but offer the basis for developing a novel diagnostic tool.
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